Two nitrate reductase-deficient barley mutants were studied for growth on nitrate and ammonium sources ofnitrogen and for resistance to chlorate. (9, 10, 20, 22 toxicity is generally assumed to result from the reduction of chlorate to chlorite by NR. Warner et al. (22) selected barley NRdeficient mutants by a qualitative in vivo assay procedure. These are genetically stable mutants controlled by a single recessive gene (10) and are capable of growth in the field suggesting that they may be capable of growth with nitrate as a source of nitrogen (16). In this paper we report on the ability of two NR-deficient barley mutants to utilize nitrate as a source of nitrogen.
consistently less than 10% of the control. To avoid the possibility that the mutants received reduced nitrogen from microbial sources, excised embryos were cultured under sterile conditions. Again the mutants were capable of growth and reduced nitrogen accumulation with nitrate as the sole source of nitrogen. In spite of the low apparent nitrate reductase activity, the nitrate reductase-deficient mutants are capable of substantial nitrate reduction.
Specific metabolic mutants have been extensively used to elucidate biochemical pathways in microorganisms but have not been widely used by plant scientists. Perhaps this is due to the inherent difficulties in selecting and propagating specific metabolic mutants in higher plants. The nitrate reduction pathway should be well suited for the study of specific metabolic mutants in higher plants because of (a) the physiological significance of nitrate reduction (1); (b) the vast physiological and biochemical NR2 literature (1, 7); (c) the extensive investigations on genetic and biochemical regulation of NR in lower eucaryotes such as Aspergillus nidulans and Neurospora crassa (4, 6); and (d) the expected ease of propagating NR-deficient mutants by substituting reduced forms of nitrogen for nitrate in growth media.
Recently NR-deficient mutants have been reported in Arabidopsis thaliana (17) , in Nicotiana tabacum cell lines (12, 13) , and in Hordeum vulgare (9, 10, 20, 22) . The A. thaliana (17) and the N. tabacum (13) toxicity is generally assumed to result from the reduction of chlorate to chlorite by NR. Warner et al. (22) selected barley NRdeficient mutants by a qualitative in vivo assay procedure. These are genetically stable mutants controlled by a single recessive gene (10) and are capable of growth in the field suggesting that they may be capable of growth with nitrate as a source of nitrogen (16) . In this paper we report on the ability of two NR-deficient barley mutants to utilize nitrate as a source of nitrogen.
MATERIALS AND METHODS
Plant Material. The NR-deficient mutants Az 12 and Az 13 were induced by NaN3 in Hordeum vulgare cultivar 'Steptoe' as described by Kleinhofs et al. (9) and selected as seedlings in the M2 generation (Ml = mutagen treated generation) as described by Warner et al. (22) . Seeds used in these studies were in the Ms and M6 generations. The mutant lines Az 12 and Az 13 are allelic and genetically stable (10) .
Growth Chamber Experiments. To determine the effect of nitrogen source upon growth, Az 12, Az 13, and Steptoe were grown to maturity in pots (13 x 13 x 15 cm) containing vermiculite and provided with a nutrient solution containing either 15 mm nitrate or 5 mm ammonium (21) . Three seeds were planted in each pot and thinned to one seedling at 10 days after planting. Each treatment was replicated three times. Growth conditions were 18 C with a 12-h photoperiod (300 ,E m-2 s-') for the first 60 days and 20 C with a 20-h photoperiod for the duration of the experiment. On alternate days sufficient deionized H20 or the appropriate nutrient solution was added to each pot to saturate the vermiculite thoroughly. Plants were harvested at 40, 80, and 110 (maturity) days after planting for total dry weight, reduced nitrogen, nitrate, and NR activity analyses.
The influence of chlorate upon seedling growth of Az 12, Az 13 and Steptoe was determined by planting 20 seeds in pots containing vermiculite as described above, watering with a nitrate nutrient solution (21) for 5 days, treating with solutions containing 0, l0-4, 3 x l0-4 or lo-3 M potassium chlorate for 7 days, watering with the nitrate nutrient solution for another 7 days, and then determining total seedling dry weight after carefully removing and washing the vermiculite from the roots. All treatments were replicated four times. Growth conditions were 20 C and continuous light (300,uE m2 s1).
Embryo Culture. Isolation of sterile embryos from Az 12, Az 13, and Steptoe was performed by placing the dry seed in 50%o H2SO4 for 2 h at room temperature, rinsing with running deionized H20 for 30 min, incubating the seeds in 5% calcium hypochlorite for I h, washing with running deionized H20 for 30 min, neutralizing with 0.1 N HCI for 10 min and washing five times with sterile deionized H20. Using aseptic techniques, the sterile seeds were placed on filter paper in Petri dishes and incubated in the dark at 20 C for 48 h. The germinated embryos were excised from the endosperm in a transfer hood, and one embryo placed in each of a series of tubes containing 20 ml of a medium described by Murashige and Skoog (14) except that glycine and ammonium nitrate were omitted and nitrogen was provided as nitrate, nitrite, or urea. The tubes containing the germinated embryos were placed in the dark for I day and then incubated for 20 days at 20 C and a 16 h photoperiod. Seedlings were harvested and analyzed for total dry weight and reduced nitrogen. All tubes showing evidence of bacterial contamination were discarded.
Nitrate Reductase Procedures. The top fully expanded leaves or composite samples of roots were extracted and assayed for in vitro NR activity as described by Warner and Kleinhofs (21) except that 3% casein was included in the extraction buffer (19) and the assay was stopped with a 1:1 mixture of 0.3 mM phenazine methosulfate and 1 M zinc acetate to remove excess NADH (18) . In vivo NR activity was determined by the method of Finke et al.
(5).
Other Procedures. Reduced nitrogen was determined by the standard micro-Kjeldahl procedure. Dry weights were determined after 72 h at 70 C. Nitrate was extracted from ground plant material with water (200 mg/10 ml). An aliquot (0.1-0.3 ml) was incubated at 37 C for 2 h with 0.05 ml Escherichia coli, 0.45 ml 0.1 M sodium formate, and sufficient water to total I ml. E. coli were cultured and prepared as described by Lowe and Gillespie (11) . Nitrite was determined by adding 6 ml of a 1:1 mixture of sulfanilamide in 3 N HCI and 0.02% N-l-naphthyl-ethylenediamine to each tube, incubating at room temperature for 15 min, centrifuging at 2,600g for 10 min, and determining the A at 540 nm.
RESULTS
Growth on N03-and NH4'. The NR-deficient mutants (Az 12, Az 13) and Steptoe grown to maturity in a growth chamber accumulated similar amounts of total plant reduced nitrogen and dry weight (Fig. 1) . Growth of all three lines was better with nitrate than with ammonium as the nitrogen source. The mutants accumulated slightly more nitrate than the Steptoe control (Fig.  1) . NR activities were very low, but detectable, in the mutants at the three sampling dates (Fig. 2) (Fig. 3) . Az 12 and Az 13 embryos appeared to produce slightly less dry weight and reduced nitrogen than Steptoe at the lower nitrate concentrations.
Chlorate Toxicity. Chlorate inhibited growth of all three lines but to a slightly lesser extent in the mutants than in Steptoe (Fig.  4) . The 0.1 mM chlorate treatment had little effect upon seedling growth of the mutants, whereas growth of the control was inhibited by 23%. The higher chlorate concentrations inhibited growth of the mutants but not to the same extent as the Steptoe control. After 24 h of chlorate treatment, in vitro NR activities in the Steptoe leaves and roots were 27.9 and 5.4 umol NO2-g-1 fresh weight h-1, respectively, while the activities in the leaves and roots of the mutants were all less than 0.6 ,umol N02-g-I fresh weight h-1 (data not presented). a*Azl12 
DISCUSSION
Chlorate resistance in NR-deficient organisms is assumed to result from the inability of the nonfunctional NR to reduce chlorate to chlorite. Chlorate per se is usually considered to be nontoxic. The barley NR-deficient mutants, Az 12 and Az 13, which were selected by a qualitative in vivo assay procedure (22) are only slightly more resistant to chlorate than the control (Fig.  4) . Perhaps the low level of NR in the mutants (Fig. 2) (Fig. 2) . These activities appear to be an accurate reflection of the NADH NR activities in the mutants, because the activities are very consistent and reproducible and because the enzyme is rather stable when casein is included in the extraction buffer. The in vivo NR activities in the leaves are also low thus supporting the in vitro data.
Whether these low levels of NR are sufficient to account for the nitrate reduced by the mutants has yet to be determined. Based upon the data of Brunetti and Hageman (2) working with wheat, it is unlikely that the low level of NR detected in the mutants is sufficient to account for the nitrate reduced. Brunetti and Hageman (2) estimated that the actual rate of nitrate reduction in wheat seedlings was about equal to the in vivo NR activity and about 25% of the in vitro NR activity. If the actual rates of nitrate reduction in wheat and the barley mutants are similar, the detectable NADH NR activities in the NR mutants are less than half the actual rate of nitrate reduction. Perhaps a substantial amount of nitrate is reduced by a NR with a different cofactor specificity or by other means. Naik et aL (15) recently proposed that nonenzymic photochemical nitrate reduction could account for 30%o of the nitrate reduction in rice seedlings while Ivanova and Peive (8) suggested that higher plant peroxidase is capable of nitrate reduction.
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